We describe the development of a two-dimensional quasiparticle detector for use in visualising quantum turbulence in superfluid 3 He-B at ultra-low temperatures. The detector consists of a 5 × 5 matrix of pixels, each a 1 mm diameter hole in a copper block containing a miniature quartz tuning fork. The damping on each fork provides a measure of the local quasiparticle flux. The detector is illuminated by a beam of ballistic quasiparticles generated from a nearby black-body radiator. A comparison of the damping on the different forks provides a measure of the cross-sectional profile of the beam. Further, we generate a tangle of vortices (quantum turbulence) in the path of the beam using a vibrating wire resonator. The vortices cast a shadow onto the face of the detector due to the Andreev reflection of quasiparticles in the beam. This allows us to image the vortices and to investigate their dynamics. Here we give details of the design and construction of the detector and show some preliminary results for one row of pixels which demonstrates its successful application to measuring quasiparticle beams and quantum turbulence.
popular tool in quantum fluids [1] and solids [2] research. The response of a fork can be easily calibrated to measure the prong velocity [3, 4] . Quartz tuning forks have very high quality factors, of order 10 5 , making them sufficiently sensitive to study the mechanical properties of helium fluids at low temperatures. They have found many applications in superfluids research including measurements of viscosity [5] [6] [7] , quantum turbulence in 4 He [8] [9] [10] , cavitation [11] , Andreev scattering in 3 He-B [12, 13] and acoustic modes [14] [15] [16] . Here we describe their use as sensitive probes of ballistic quasiparticles in superfluid 3 He-B. We use arrays of forks to form a rudimentary quasiparticle camera to measure the cross-sectional profile of a beam and how it evolves with time. The device can be used to image superfluid 'structures' which scatter ballistic excitations, such as vortices and quantum turbulence.
Visualisation techniques are well established to study turbulence in classical fluids [17] . Typically, tracer particles are injected into the fluid which are tracked along illuminated planes in the flow. The particles are sufficiently small to accurately follow the fluid flow. The visualisation of turbulence in a superfluid is far more demanding due to the very low temperatures required and the inviscid nature of the superfluid component.
There have been a number of developments in recent years to visualise turbulence in superfluid 4 He. At relatively high temperatures hydrogen particles have been used as tracers to visualise the flow [18] [19] [20] . Understanding the motion of the hydrogen particles is a complex problem since they are influenced by the competing effects of normal fluid flow and quantised vortices in the superfluid component [21] . Flow of the normal fluid has also been visualised using He excimer molecules [22] . In the low temperature limit quantum turbulence has been investigated with ion trapping techniques [23] and it has recently been shown that excimers have a significant trapping diameter for binding to vortex cores at low temperatures [24] . This provides possibilities for visualising quantum turbulence at low temperatures using excimer molecules.
The study of quantum turbulence in superfluid 3 He requires sub-mK temperatures [25] . At such low temperatures it is extremely difficult to inject any kind of impurity tracer particles or to make optical measurements to track them. However, quasiparticle excitations make ideal probes of superfluid flow in 3 He-B at very low temperatures. Motion of a superfluid with velocity v tilts the excitation dispersion curve according to the Galilean transformation which shifts the energies by p·v [26] . The shift thus acts as an energy barrier for incident excitations with momenta along the flow direction. The thermal excitations in 3 He-B have very low energies and high momenta. Consequently, the energy barrier due to flow is relatively large. Excitations with insufficient energy are Andreev reflected by the flow: quasiparticles become quasiholes and vice versa [26, 27] . Andreev reflection gives almost perfect retroflection with very little momentum transfer, thus providing an ideal passive probe of the flow [28] .
Andreev reflection from superfluid flow has been measured directly [29] at very low temperatures using quasiparticle beam and black-body radiator techniques. The measurements are made at very low temperatures where the excitations are ballistic so the excitations only undergo normal scattering with the container walls. A blackbody [30] radiator is a box containing two vibrating wire resonators, one used as a heater and the other as a thermometer [31] . A small orifice provides a weak thermal link to the surrounding superfluid. The box is heated, producing a thermal distribution of quasiparticle excitations which is measured with the thermometer wire. The heat leaves the radiator as a beam of ballistic quasiparticles. If some excitations in the beam undergo Andreev scattering, then they accurately retrace their path back into the radiator causing a rise in the temperature (excitation density) within the radiator. This technique has been used to directly measure Andreev reflection from the flow generated by a vortex lattice [32] and by quantum turbulence [33, 34] . The radiator also provides very sensitive calorimetry which has been used to study the decay of quantum turbulence [35] .
In the current experiment we use a radiator to generate a quasiparticle beam to 'illuminate' a detector. Owing to Andreev reflection, vortices illuminated by the beam cast a shadow. The vortices are generated by a vibrating wire resonator [36] . Here we focus on the design and development of the detector to measure the quasiparticle shadows. The detector comprises 25 custom-made miniature tuning forks individually housed in cylindrical channels in a copper matrix. The damping experienced by each fork provides a measure of the local incident quasiparticle flux, thus allowing us to 'image' the quasiparticle beam and to construct a shadowgraph of vortices in the path of the beam. The spatial resolution is limited but it should be sufficient to gain useful information on the spatial profile of vortices generated by the wire as well as their dynamics. Based on calculations of Andreev reflection [37] , we believe that the detector should be capable of detecting a single vortex line.
The Tuning Fork Arrays
The tuning forks were custom-manufactured on wafers provided by Statek Corporation; an example is shown in Fig. 1 . A number of identical wafers were made with two different thicknesses which determines the prong width, W = 75 µm and W = 50 µm. All of the tuning forks have a common thickness of T = 90 µm and the spacing between the prongs is D = 90 µm. The prong lengths L vary to give different resonant frequencies. The wafer holds eight tuning fork arrays designed specifically for the quasiparticle detector. Each array has five forks with different lengths. The centres of the forks are 1.1 mm apart. The prong lengths are chosen to give well-separated resonant frequencies to avoid inter-fork coupling: the forks become strongly coupled when their resonances overlap, so it is important to ensure that the fundamental resonant frequencies f 0 are well-separated compared to the frequency width f 2 of each resonance. The eight detector arrays have forks with resonant frequencies in the range of 20-40 kHz. In each array the resonant frequencies are designed to be approximately equally spaced and span the frequency range. The lengths of the prongs are slightly offset for each array. This results in equally-spaced resonant frequencies for the 40 forks in the eight arrays spanning the range 20-40 kHz, and the largest possible separation of frequencies for forks on the same array to avoid cross-coupling.
The wafer also holds other forks which have been used for different experiments in superfluid 4 He. There are several single forks which have fundamental resonant frequencies in the range 6-32 kHz and an additional array with forks having resonant frequencies in the range 20-160 kHz. These were used to study frequency dependent properties in superfluid 4 He such as sound emission [15] and turbulent drag [4] . Each array is attached to the frame of the wafer by two small tabs at one end next to the contact pads. The single forks are connected by a single tab. The arrays are removed from the wafer by carefully applying a small force to the contact pad area.
The forks in each array are driven and measured in parallel, as described below, so they share a common pair of leads. Each array has a pair of contact pads at each end but connections only need be made to one of these. In practice connections to external leads were usually made at the same end of the array.
To connect the external leads to the contact pads, the opposite end of the array is held in a pair of lightly-clamped tweezers. For the 75 µm arrays, fine stainless steel tweezers were used with heat shrink to soften the tips. This technique was not suitable for the 50 µm arrays since these were far more fragile. For these we used a clamp made from two pieces of Stycast impregnated paper, held together by stainless steel tweezers. The external leads were 100 µm diameter copper clad single core NbTi wire. Each lead was positioned with a micromanipulator. When tinning and soldering the wires to the contact pads, care was needed to ensure the pads were not destroyed by overheating. An example of a single array with lead connections is shown in Fig. 2 . 
Measurement Setup
The tuning forks are driven at or around their fundamental resonant frequencies by a voltage V supplied by a waveform generator with suitable attenuators. The driving force on each prong is given by
where a is the fork constant. The resulting prong motion generates a current I which is measured with a custom-made current-to-voltage converter [38] and a 2-phase lock-in amplifier referenced to the generator. The velocity of the prong tips v is given by
The fork constant is given by [6] 
where I r and V r are the current and voltage amplitudes at the resonant frequency, Δf 2 is the frequency width of the resonance and the effective mass can be assumed to be equal to one quarter of the prong mass [15] m eff = ρ LT W/4 where ρ is the density of quartz. Direct optical measurements of the fork motion [3, 4] show that the fork constant given by Eq. 3 is usually accurate to better than 10 %. The five forks in each array are measured simultaneously using the setup shown in Fig. 3 . Each fork is driven with a separate generator and measured with a separate lockin amplifier. The drive voltages from the five generators for each array are combined with a custom-made summing amplifier unit with active attenuation and fed into the single input lead of the array. The single output lead is fed to a custom-made I-V converter [38] . The output of the I-V converter is split by a custom-made buffer unit and fed to the five lock-in amplifiers. Each lock-in amplifier is referenced to the corresponding generator.
This set-up is very versatile, allowing us to measure each fork independently and simultaneously with other forks on the same array.
Initial Tests and Characterisation of the Arrays
Initial measurements on the arrays were made in air at room temperature. For each fork, the amplitude of the driving voltage was held at a relatively low level whilst the frequency was swept through the fundamental resonance. Each resonance was fitted to the ideal Lorentzian lineshape [4, 15] to obtain the resonant frequency f 0 , the frequency width Δf 2 and the resonant signal from which we could infer the fork constant using Eq. 3. The frequency width is proportional to the damping force per unit velocity [4, 15] .
The first measurements showed that some of the forks had a significantly higher intrinsic damping than other forks. The extra damping depended on the location of the fork and on how the array was held. We attributed this to flexing of the base of the array. The extra damping was eliminated by securing the array to a rigid base. Consequently all future arrays were securely fixed to a solid base for testing. We found that it was sufficient to clamp the arrays between two thin sheets of Stycast-impregnated graph paper as shown in Fig. 2 .
The resonant frequency of each fork could be quite accurately predicted from the ideal cantilever model which predicts [4, 15] :
where E = 7.87 × 10 10 Nm −2 is the Young's modulus of quartz and the wavenumber of the fundamental mode is b 0 = 1.875 /L. We have tested forks from several nominally identical wafers. The frequencies of the forks on different wafers are usually quite close, but occasionally they are found to differ significantly, up to a few hundred Hertz. In this case, it was found that all of the forks on the wafer were shifted by approximately the same factor so the differences can be attributed to small variations in the manufacturing conditions for each wafer. The ultimate sensitivity of the tuning forks to quasiparticles in superfluid 3 He-B at very low temperatures is limited by the intrinsic damping of the forks, so it is important to ensure that this is sufficiently small for each of the forks in the detector. For this purpose, we measured many fork arrays in vacuum at 4.2 K using a small test rig that can be placed in a liquid 4 He transport dewar. Numerous arrays were tested from different wafers. All of the forks were found to have intrinsic widths of around Δf 2 ∼ 100 mHz, corresponding to a quality factor Q = f 0 /Δ f 2 which exceeds 10 5 .
Further measurements with the single tuning forks and with the arrays with a higher range of frequencies were made in normal and in superfluid 4 He to study the crossover from hydrodynamic to acoustic drag [15] . Here it was found that the damping becomes dominated by acoustic emission at frequencies larger than ∼100 kHz. The tuning forks used for the detector have resonant frequencies well below this so acoustic damping is entirely negligible in this case.
Detector Design and Construction
It was originally planned to use four of the arrays to build a 4 × 5 = 20 pixel detector. However, since the forks were well behaved with low intrinsic damping and resonant frequencies close to the design values, there was no danger of the fork resonances overlapping so we decided to make a slightly larger 25 pixel detector. This enables better resolution with a central pixel surrounded by a symmetric number of adjacent pixels which can be aligned with the quasiparticle beam.
The body of the detector was made from a copper block, see Fig. 4 . A number of prototypes were constructed to find the best design for holding the arrays rigidly and for ease of construction. The final block had dimensions 5.7 × 5.7 × 4.0 mm. To form the pixel cavities, 25 holes were drilled through the block, each 1.0 mm in diameter. The holes form a square lattice with spacing of 1.1 mm so the wall thickness between adjacent holes is just 0.1 mm at its thinnest point. On the rear of the block are five 0.1 mm wide and 1 mm deep channels passing through the centre of each row of holes. This provides a slot to seat each array. Each array is shaped with slots either side of each fork, shown in Fig. 2 , to interlock with the copper walls separating adjacent pixels. This provides good rigidity and good alignment of the forks with the centres of the pixels, see Fig. 4a .
Our initial tests showed that the 50 µm and 75 µm arrays had similar intrinsic frequency widths in vacuum at 4.2 K. We therefore decided to use the 50 µm arrays since these will provide better sensitivity to quasiparticles (the frequency width due to thermal damping from ballistic quasiparticles is higher for smaller, lighter objects [26, 39] ). The five arrays chosen for the detector had forks with resonant frequencies spaced by a minimum of 250 Hz. The frequency widths of the fork resonances in air are approximately 10 Hz so the fork frequencies were sufficiently well spaced to prevent cross-coupling even in air at room temperature. This was convenient for testing the detector before installation.
The base of the copper block was first glued to a Stycast-impregnated paper baseplate. Each of the arrays was carefully inserted into the copper block using a micromanipulator. The base of the array slotted into the appropriate 100 µm channel in the back of the block. The array was then released from the micromanipulator and tweezers were used to nudge the array into its final position, with the base of the array sitting flush with the rear face of the copper block. Finally, a very small amount of thick (partly cured) Stycast-1266 was applied to the outer slot at the edge of the copper block on either side and left to cure fully. The process was repeated for each array. Two of the arrays broke after being glued in place but fortunately we were able to replace these without disturbing the other arrays. The arrays were mounted with external leads on alternate sides of the block. A photograph of the detector completed to this stage is shown in Fig. 4a .
Before the detector could be mounted in the experimental cell, the leads needed to be bent down to come through the Stycast-impregnated paper base. This was not trivial since bending the wires at this stage would put sufficient force on the ends of the arrays to snap them. Therefore two side-panels were made from Stycast-impregnated paper to hold the wires securely close to the contact pads. The holes in each side-panel were large enough to comfortably slide the wires through, before gluing the panel in place on the detector base. Unfortunately, one of the contacts on the upper array broke during this procedure so a new connection had to be made to one of the contacts on the other side of the array. The completed detector with lead supports is shown in Fig. 4b . Finally the detector was mounted in a Lancaster style nuclear cooling stage [40, 41] with the Stycast paper base forming part of the inner cell wall. The experimental volume shown in Fig. 5 is roughly rectangular in shape and is cut out of the inner cell refrigerant stack, ∼ 80 thin copper sheets coated with silver sinter [40, 41] . The refrigerant stack thus forms the vertical sides and the upper horizontal sides of the experimental volume. This configuration optimises the thermal coupling between the refrigerant and the superfluid in the experimental volume. This is crucial for performing quasiparticle beam experiments at very low temperatures.
The experimental volume also contains a black-body radiator with its orifice aligned approximately with the centre of the detector array, a 'generator' vibrating wire for producing quantum turbulence, and four thermometer vibrating wires of varying wire diameters to measure different temperature ranges. There is also a MEMS device which was not used for the experiments described here, but is shown for completeness. The top of the generator wire loop was positioned to be approximately in line with the black-body radiator orifice and the central pixel of the detector.
Preliminary Measurements
Preliminary measurements were made with just the central array. The five forks in the array are driven continuously at their respective resonance frequencies, whilst we monitor the resulting signals. At resonance the damping force is balanced by the driving force and the velocity is maximised and in-phase with the driving force. In practice we measure the in-phase and out-of-phase (quadrature) components of the signals with respect to the driving force. An automated program is used to maintain resonance by adjusting the drive frequency to ensure that the ratio of the quadrature and in-phase signals is kept below some small value, typically 1 %. This allows us to infer the width of the resonance Δf 2 for each tuning fork which provides a measure of the damping. The program also adjusts the drive to maintain the velocity at some specified value. The velocity is always chosen to be below the critical velocity for pair-breaking [42] so the damping has contributions only from thermal quasiparticles and from intrinsic losses.
The total damping on the forks is the sum of the quasiparticle damping and the intrinsic damping, Δf 2 = Δf
The intrinsic damping is measured at the lowest temperatures where the thermal quasiparticle damping is entirely negligible. At low velocities, the drag force from thermal quasiparticles is proportional to the velocity [26] . In this case the corresponding damping Δf Q P 2 is velocity independent and provides a measure of the local density of quasiparticles. To improve the signalto-noise ratio, the forks are driven to a higher velocity, ∼ 5 mm s −1 , where the drag becomes non-linear. The non-linear drag is however well understood [27, 39] and is easy to characterise [13] to infer the low velocity damping Δ f Q P 2 . The power dissipated by the tuning forks is very small, much less than 1 pW, and has negligible effect on the measurement.
To a first approximation, each pixel can be considered to be a miniature blackbody radiator. In this case, the density of quasiparticles within each pixel is approximately proportional to the flux of incident quasiparticles. Hence the quasiparticle damping Δf Q P 2 of the forks can be used to measure the local beam intensity. Figure 6 shows measurements of the central array of forks whilst the black-body radiator is heated to give a beam power ofQ = 23.5 pW. We show the quasiparticle damping Δf Q P 2, p for each of the central row of pixels, labelled p = 1 to p = 5. The x-axis shows the distance from the central pixel. The experiment was designed to have the beam centred on the centre pixel. In practice however it was very difficult to align the detector precisely. The data in Fig. 6 indicate that the beam was actually centred between pixels p = 2 and p = 3.
The quasiparticle damping on the forks also has a contribution from the background quasiparticles governed by the temperature of the cell, Δ f T 2 . In practice this rises due to 
where r is the distance from the orifice, θ is the angle to the normal of the orifice and E = Δ + kT is the mean excitation energy in the beam where T is the temperature inside the radiator. The beam powerQ is the sum of the applied power and the heat-leak into the radiator.
The face of each pixel has an open area A p = π R 2 where R = 0.5 mm is the radius of the pixel cavity. The area perpendicular to the local beam direction is approximately A p cos θ p where θ p is the angle between the normal of the orifice and the line joining the centre of the face of the pixel to the centre of the orifice. The number of excitations incident on the face of the pixel per unit time is thuṡ
where r p is the distance from the centre of the face of the pixel to the centre of the orifice. If we assume that this produces a proportionate increase in damping Δf Beam 2 due to the beam then the total quasiparticle damping in each pixel p should be given by
where Δf T 0 2 and B are taken to be fitting parameters. The line in Fig. 6 shows the expected beam profile based on Eq. 7 assuming that the centre of the beam is offset horizontally from the central pixel by 0.55 mm. It appears that the black-body radiator orifice is centred in between pixels p = 2 and p = 3. Given the difficulty of aligning the detector within the experimental cell, we are pleased that the offset is relatively small.
The above arguments are expected to overestimate the response for pixels close to the centre of the beam ( p = 2 and p = 3) since for these pixels the incident excitations are not so well thermalised within the pixel. Indeed, we estimate that ∼10 % of the incident excitations pass straight through the cavities of these pixels without scattering at all. Since the prong motion is almost perpendicular to the beam for these pixels, the lack of thermalisation will result in a lower damping. This is consistent with the data in Fig. 6 . Thermalisation could be improved in a future design by making the rear of the pixel cavities closed. However, this would make the design more challenging and it would degrade the thermal performance since the pixels would then re-radiate all of the incident excitations back towards the black-body radiator, whereas in the current design many of the excitations leave from the rear of the pixels towards the surrounding refrigerant sinter stack. The resulting vortices cast a quasiparticle shadow on the pixel which results in a reduction in the damping. The fractional reduction in damping is comparable to that observed in other types of measurements using vibrating wires [36, 37, 43, 44] .
Summary and Discussion
We have developed a 2-dimensional detector to form a rudimentary quasiparticle camera to image quantum turbulence in superfluid 3 He-B in the low temperature limit. The detector has 25 pixels formed by miniature quartz tuning forks in cylindrical cavities in a copper matrix. The detector is illuminated by a beam of quasiparticle excitations produced by a black-body radiator. Vortices are generated in the path of the beam using a vibrating wire resonator. The vortices Andreev reflect excitations and thus cast a quasiparticle shadow on the detector causing a reduction in damping on the tuning forks. We have described the design and construction of the detector and we have shown preliminary measurements on one row of pixels which demonstrate that the detector is able to measure quasiparticle beams and shadows with good sensitivity. Further experiments will be made to measure the spatial and temporal profile of the vortices and quantum turbulence generated by the nearby wire.
The temporal resolution of the detector is limited by the mechanical time constant of each of the tuning forks, τ = 1/(π Δf 2 ). The time constant of the measuring equipment can be adjusted to suit. The damping from quasiparticle excitations Δf Q P 2 falls exponentially with decreasing temperature [31] so the time constants become very long at the lowest temperatures, limited by the the intrinsic damping of the tuning forks. Under typical experimental conditions for observing vortices, such as for the data in Fig. 7 , the mechanical time constants are around 0.1 s. This is sufficient to resolve the dominant fluctuations in quantum turbulence which occur on timescales of order 1 s or more [44] .
The spatial resolution is approximately 1 mm, limited by the pixel size. This should be sufficient to gain useful information on the spatial profile of vortices generated by the wire as well as their dynamics. Calculations of Andreev reflection from vortices [37] show that under typical experimental conditions a single vortex in a quasiparticle beam will reflect around 2 % of the excitations over a distance of 0.5 mm either side of the core. Currently our measurement noise level is around 1 % so this is already sufficient to observe single vortex lines.
Finally we note that the technique could also be used to image other superfluid structures which scatter excitations. These include orbital textures in the distorted Bphase in high magnetic field [42] , textural defects such as boojums [45] and the A-B phase interface [46] .
